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Abstract 
MicroRNAs  involved  in  keratinocyte  migration  and  wound  healing  are  largely  un-
known. Here, we revealed the indispensable role of miR-21 in keratinocyte migration and 
in re-epithelialization during wound healing in mice. In HaCaT cell, miR-21 could be 
upregulated by TGF-β1. Similar to the effect of TGF-β1, miR-21 overexpression promoted 
keratinocyte  migration.  Conversely,  miR-21  knockdown  attenuated  TGF-β1-induced 
keratinocyte  migration,  suggesting  that  miR-21  was  essential  for  TGF-β-driven 
keratinocyte  migration.  Furthermore,  we  found  that  miR-21  was  upregulated  during 
wound healing, coincident with the temporal expression pattern of TGF-β1. Consistently, 
knockdown  of  endogenous  miR-21  using  a  specific  antagomir  dramatically  delayed 
re-epithelialization  possibly  due  to  the  reduced  keratinocyte  migration.  TIMP3  and 
TIAM1, direct targets of miR-21, were verified to be regulated by miR-21 in vitro and in 
vivo, indicating that these two molecules might contribute to miR-21-induced keratino-
cyte migration. Taken together, our results demonstrate that miR-21 promotes keratino-
cyte migration and boosts re-epithelialization during skin wound healing. 
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Introduction 
Cutaneous  wound  healing  is  a  highly  orches-
trated  multi-step  process.  An  essential  feature  of  a 
healed wound is re-epithelialization which relies on 
two basic functions of keratinocytes: proliferation and 
migration  [1].  The  re-epithelialization  process  is  in-
fluenced by a combination of growth factors and cy-
tokines  including  transforming  growth  factor-β 
(TGF-β) [2]. During wound healing, TGF-β1 expres-
sion is significantly increased, and keratinocytes are 
the major target cells of TGF-β1 [3]. In vitro, the effects 
of TGF-β signaling are paradoxical: keratinocyte mi-
gration  is  enhanced  whereas  keratinocyte  prolifera-
tion is inhibited [4]. Genetic ablation of TGF-β1, its 
receptors and its downstream mediators, Smads, have 
been reported to either reduce or enhance the rate of 
wound repair [5-7]. Therefore, identifying the down-
stream effectors of TGF-β signaling involved in this 
process was pivotal for better understanding of the 
molecular  mechanism  underlying  the  cellular  re-
sponse to TGF-β signaling during wound healing.  
MicroRNAs  (miRNAs)  are  small,  sin-
gle-stranded, noncoding RNAs, which usually bind to 
the 3’-untranslated region of target mRNAs and are 
capable of inducing posttranscriptional gene regula-
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tion by blocking translation or by degrading the target 
mRNA [8]. Several lines of evidence have shown that 
miRNAs regulate keratinocyte proliferation and mi-
gration  [9,  10].  miR-205  promotes  epidermal 
keratinocyte migration through targeting SHIP2 [9]. 
In  a  mouse  model  of  ischemic  wound, 
HIF-1α-induced miR-210 attenuates keratinocyte pro-
liferation  by  targeting  E2F3  [10].  However,  other 
miRNAs involved in modulating keratinocyte prolif-
eration and migration remain to be fully defined. 
miR-21, the most frequently upregulated miRNA 
in human cancers and other diseases, plays important 
roles  in  cell  proliferation,  differentiation,  apoptosis, 
epithelial to mesenchymal transition (EMT) and mi-
gration  through  its  distinct  targets  [11-13].  For  in-
stance, miR-21 promotes migration in glioma cell by 
targeting RECK and TIMP3 [11], and in colon cancer 
cell by targeting TIAM1 [12]. Previous studies have 
shown that miR-21 is highly expressed in epidermis 
and  hair  follicle  [14],  and  is  aberrantly  elevated  in 
psoriatic  epidermis  [15].  However,  the  function  of 
miR-21 in keratinocyte and cutaneous wound healing 
is still underdetermined.  
In the current study, we revealed an important 
role  of  miR-21 in  keratinocyte  migration  as  well  as 
during wound healing.  
Results and Discussion  
Previous studies have shown that TGF-β1 pro-
motes  expression  of  mature  miR-21  through 
post-transcriptional  mechanism  in  human  vascular 
smooth muscle cell and colon cancer cell [12, 16]. To 
determine  whether  TGF-β1  could  regulated  miR-21 
expression  in  keratinocyte,  HaCaT,  a  human 
keratinocyte  cell  line,  was  treated  with  TGF-β1. 
miR-21  expression  was  dramatically  increased  at  6 
hours after TGF-β1  treatment (Figure 1A). Previous 
studies  have  revealed  that  miR-21  plays  important 
roles  in  regulating  cell  proliferation  in  various  cell 
types [13]. However, overexpression or knockdown of 
miR-21 did not affect the proliferation of HaCaT cell 
(Figure 1B and Supplementary Material: Figure S1).  
We  next  checked  whether  miR-21  affected 
keratinocyte migration. Scratch wound-healing assay 
was  performed  to  examine  keratinocyte  migration. 
Consistent with the previous work [17], TGF-β1 re-
markably enhanced keratinocyte migration by 48% at 
12  hours  (Figure  1C,  P<0.01).  Similarly,  migration 
distance of miR-21-transfected HaCaT cells was sig-
nificantly  increased  by  62%  at  12  hours  compared 
with that of scrambled-miRNA-transfected cells (Fig-
ure 1C, P<0.01). The above results led us to speculate 
that  miR-21  might  be  responsible  for  TGF-β-driven 
keratinocyte migration. We engineered miR-21 with 
antisense oligonucleotides (miR-21 AS) to knockdown 
the  upregulated  expression  of  miR-21  induced  by 
TGF-β1 (Figure 1D). As expected, the enhanced mi-
gration caused by TGF-β1 was dramatically attenu-
ated by miR-21 knockdown (Figure 1D, P<0.01). These 
data suggested that TGF-β1 could promote keratino-
cyte migration through upregulating miR-21 expres-
sion in HaCaT cell.  
Previous studies have identified some targets of 
miR-21 responsible for cell migration [11-12, 18]. Tis-
sue inhibitor of metalloproteinase-3 (TIMP3) is capa-
ble of inhibiting migration in glioma cell and in breast 
cancer  cell  [11,  18],  and  is  downregulated  during 
wound healing [19] and in psoriatic epidermis [20]. 
We  determined  TIMP3  expression  in  HaCaT  cells 
transfected with miR-21 mimic or scrambled-miRNA. 
Real-time  PCR  results  revealed  that  TIMP3  was 
markedly reduced by 38% in miR-21-tansfected Ha-
CaT  cells  compared  with  that  in  scram-
bled-miRNA-transfected  control  cells  (Figure  1E, 
P<0.01). To further determine whether miR-21 could 
directly regulate TIMP3, full length of TIMP3 mRNA 
3’UTR was inserted to the downstream of luciferase 
open  reading  frame  in  pGL3-CM  reporter  vector. 
When introduced into HaCaT cells, the TIMP3 3’UTR 
reporter showed a 60% reduction in luciferase activity 
in the miR-21-transfected cells compared with that in 
scrambled-miRNA-transfected  cells  (Figure  1F, 
P<0.01).  Previous  evidence  revealed  that  TIAM1 
(T-lymphoma invasion and metastasis inducing pro-
tein), a direct target of miR-21, is required for miR-21 
to enhance migration and invasion in colon cancer cell 
[12].  Real-time  PCR  results  confirmed  that  miR-21 
overexpression with mimic caused a 25% reduction of 
TIAM1 expression in HaCaT cell (Figure 1G, P<0.01). 
The above data implied that TIMP3 and TIAM1 might 
be responsible for miR-21-promoted keratinocyte mi-
gration.  
To investigate the function of miR-21 in vivo, we 
examined miR-21 expression during wound healing 
by Northern blot. 4-mm full-thickness punch-biopsy 
wounds were made on the back of mice. Coincident 
with  the  temporal  upregulation  of  TGF-β1,  miR-21 
expression  at  wound  edge  showed  2.8-3.9  fold  in-
creases  after  injury  (Figure  2A).  To  investigate  the 
functional  consequences  of  miR-21  upregulation  at 
wound edge, we downregulated endogenous miR-21 
expression  by  administering  Pluonic  gel  containing 
miR-21  AS  to  wounded  skin.  Northern  blot  result 
showed that miR-21 was effectively decreased by 44% 
at  wound  edge  treated  with  miR-21  AS  compared 
with that with scrambled AS 3 days after injury (Fig-
ure 2B). Int. J. Biol. Sci. 2011, 7 
 
 
http://www.biolsci.org 
687 
 
Figure 1: TGF-β1 upregulated miR-21 expression to promote keratinocyte migration in HaCaT cell. (A), miR-21 ex-
pression was detected by Northern blot in HaCaT cell treated with or without TGF-β1. (B), MTT assay showed that 
there was no obvious difference between miR-21-tansfected HaCaT cells (miR-21) and scrambled-miRNA-transfected 
(Scramble) cells. miR-21 overexpression with mimic were confirmed by Northern Blot. (C), miR-21 promoted cell 
migration in HaCaT cell. Scratch wound-healing assay was conducted in miR-21-transfected HaCaT cells, and control Int. J. Biol. Sci. 2011, 7 
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cells with or without TGF-β1 treatment. Migration distance was measured at 0, 12 hours after cells were scratched. 
(D), The enhanced migration induced by TGF-β1 was dramatically blocked by miR-21 AS, but not by Scramble AS. 
Northern blot confirmed that the increased expression of miR-21 induced by TGF-β1 was downregulated by miR-21 
AS. Migration distance was measured at 0, 24 hours after cells were scratched. (E), Real-time PCR analysis revealed 
that miR-21 overexpression with miR-21 mimic suppressed TIMP3 expression. (F), Luciferase activities were measured 
in HaCaT cells cotransfected with the reporter constructs containing 3’UTR of TIMP3 and miR-21 mimic or Scramble 
miRNA. (G), Real-time PCR analysis revealed that miR-21 overexpression with miR-21 mimic suppressed TIAM1 ex-
pression. Values represent mean ± SD. n=5. *P<0.05. **P<0.01. 
 
Figure 2: miR-21 promoted re-epithelialization during wound healing in mice. (A), Real-time PCR and Northern blot 
were performed to detect expression of TGF-β1 and miR-21 at wound edge at 0, 1, 2 and 3 days after injury. (B), 
Northern blot result showed that miR-21 at wound edge treated with miR-21 AS was effectively decreased by 44% 
compared with that at control wound edge at 3 days after injury. (C), Quantification of wound widths over 3 days 
after injury. Sections of wounded skin with miR-21 AS or Scramble AS treatment was immunostained with K14 an-
tibody (brown) at 3 days after injury. Arrows indicated the leading edges of wounded epidermis. n=5. (D), Immu-
nofluorescence analysis with BrdU (red) and K14 (green) antibodies staining showed that no obvious difference was 
found in percentage of BrdU-positive keratinocytes in wounded skin treated with miR-21 AS or Scramble AS. n=4. (E), 
Real-time PCR was performed to detect expression of TIMP3 and TIAM1 at wound edge with miR-21 AS or scramble AS 
at 3 days after injury. Values represent mean ± SD. Scale bars: 400 µm (C); 50 µm (D). *P<0.05. **P<0.01 Int. J. Biol. Sci. 2011, 7 
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Wounds  were  immunostained  with  Keratin  14 
antibody for examination of re-epithelialization. We 
observed  that  the  wound  widths  were  larger  and 
neo-epithelial  lengths  were  shorter  in  healing  skin 
treated  with  miR-21  AS  compared  with  controls  3 
days after injury (Figure 2C, n=5, P<0.05), indicating 
that  knockdown  of  endogenous  miR-21  impaired 
re-epithelialization.  Consistent  with  the  effect  of 
miR-21  on  keratinocyte  proliferation  in  vitro,  we 
found  that  miR-21  downregulation  did  not  affect 
keratinocyte  proliferation  at  wound  edge  by  BrdU 
incorporation assay (Figure 2D), suggesting that the 
delayed re-epithelialization caused by miR-21 down-
regulation was possibly due to the reduced keratino-
cyte migration. In addition, we found expression lev-
els of TIMP3 and TIAM1 were decreased at control 
wound  edge,  but  not  at  wound  edge  treated  with 
miR-21 AS (Figure 2E, P<0.05), indicating that miR-21 
promoted keratinocyte migration possibly via inhib-
iting  the  expression  of  TIMP3  and  TIAM1  in 
re-epithelialization process.  
Previous studies have demonstrated that miR-21 
promotes  migration  in  some  cell  types  including 
glioma cell [11] and colon cancer cell [12]. Here, we 
verified a similar role of miR-21 in keratinocyte mi-
gration. miR-21 overexpression with mimic dramati-
cally enhanced keratinocyte migration. Moreover, for 
the first time, our results implicated that miR-21, as a 
downstream  effector  of  TGF-β1,  was  required  for 
TGF-β1-induced  keratinocyte  migration.  miR-21  ex-
pression  was  dramatically  increased  after  TGF-β1 
treatment  in  HaCaT  cell.  Similar  to  the  effect  of 
TGF-β1,  miR-21  overexpression  with  mimic  could 
accelerate keratinocyte migration. Conversely, miR-21 
knockdown  blocked  the  TGF-β1-dirven  migration. 
Importantly, we further confirmed the role of miR-21 
in  wound  healing  in  mice.  miR-21  expression  was 
significantly  upregulated  at  wound  edge,  whose 
temporal expression pattern was coincident with that 
of  TGF-β1,  suggesting  that  miR-21  upregulation  at 
wound edge might be caused by TGF-β1. When the 
upregulation of endogenous miR-21 was suppressed 
by miR-21 AS at wound site, re-epithelialization was 
markedly retarded. This delayed re-epithelialization 
was likely due to the decreased keratinocyte migra-
tion. Supportively, TIMP3 and TIAM1, direct targets 
of miR-21 [11, 12, 18], exhibited the inverse correlation 
with miR-21 expression in HaCaT cell and at wound 
edge of mouse, indicating that miR-21 might promote 
keratinocyte migration in vitro and wound healing in 
vivo  via  inhibiting  the  expression  of  TIMP3  and 
TIAM1.  Other  targets  involved  in  this  process  re-
mained to be further investigated.  
Conclusion  
Overall, our data revealed that miR-21 was in-
dispensable for TGF-β-driven keratinocyte migration 
in vitro and could promote re-epithelialization during 
wound healing in mice.  
Materials and Experimental Design  
See Supplementary Material. 
Supplementary Material 
Material and Experimental Design/ Figure S1 
http://www.biolsci.org/v07p0685s1.pdf.  
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